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Segmentationr caudal hindbrain) is not overtly segmented, since it lacks observable
interrhombomeric boundaries. However, quail–chick fate maps showed that it is formed by 5 pseudorhom-
bomeres (r7–r11) which were empirically found to be delimited consistently at planes crossing through
adjacent somites ( Cambronero and Puelles, 2000). We aimed to reexamine the possible segmentation or
rostrocaudal regionalisation of this brain region attending to molecular criteria. To this end, we studied the
expression of Hox genes from groups 3 to 7 correlative to the differentiating nuclei of the medulla oblongata.
Our results show that these genes are differentially expressed in the mature medulla oblongata, displaying
instances of typical antero-posterior (3′ to 5′) Hox colinearity. The different sensory and motor columns, as
well as the reticular formation, appear rostrocaudally regionalised according to spaced steps in their Hox
expression pattern. The anterior limits of the respective expression domains largely ﬁt boundaries deﬁned
between the experimental pseudorhombomeres. Therefore the medulla oblongata shows a Hox-related
rostrocaudal molecular regionalisation comparable to that found among rhombomeres, and numerically
consistent with the pseudorhombomere list. This suggests that medullary pseudorhombomeres share some
AP patterning mechanisms with the rhombomeres present in the rostral, overtly-segmented hindbrain,
irrespective of variant boundary properties.
© 2008 Elsevier Inc. All rights reserved.Introduction
The developing vertebrate hindbrain displays segments (rhombo-
meres) along its rostrocaudal axis that showa fundamental metameric
cellular organisation modiﬁed by speciﬁc local identity. At early
embryonic stages, overt rhombomeres are limited by boundaries that
display typical characteristics. These include clonal restriction (Frasernerve; 8cn, cochlear nerve; 9,
yngeal nerve; 10, dorsal motor
erve nucleus; 12, hypoglossal
r nucleus; dcn, dorsal column
s; IOD, inferior olivary nucleus,
ina; IRt, intermediate reticular
cleus, dorsal part; LVeV, lateral
cochlear nucleus; mlf, medial
cleus; MVe, medial vesticbular
us; Pe, periventricllar stratum;
lei, Pr, prepositus nucleus; r,
urus; RPa, raphe pallidus; Rt,
nucleus; Sol, nucleus of the
ucleus, caudal part; SP5I, spinal
lar nucleus; vc, ventral column
c, cochlear decussation; xsol,
ure.
l rights reserved.et al., 1990), aggregation of early axons (Lumsden and Keynes, 1989), a
differential pattern of interkinetic nuclear dynamic (Guthrie et al.,
1991), reduced gap-junctional permeability (Martínez et al., 1992) and
expression of distinct molecular markers (Heyman et al., 1993, 1995).
However, all these characteristics are only observable in boundaries
r1/r2 to r6/r7. Rostrally there appears a brain region formed by r1,
isthmus and caudal midbrain, whose patterning is governed not by
intersegmental boundaries but by gradiental signaling from the
isthmic organiser (reviews by Puelles et al., 1996; Martínez, 2001;
Wrust and Bally-Cuif, 2001). The hindbrain portion lying caudal to the
r6/r7 boundarywas subdivided by some authors into rhombomeres r7
and r8, using the rostral end of the hypoglossal nucleus to deﬁne the
r7/8 boundary (Vaage, 1969; Lumsden and Keynes, 1989; Lumsden,
1990). However, this putative boundary lacks the cellular and
molecular features described above and r8 is considerably larger
than r7. The caudal hindbrain appears therefore as a non-segmented
region, according to standard criteria as well as gross morphology (i.e.
scanning images of the ventricular surface; Tanaka et al., 1987).
Indeed, even themedullo-spinal boundary is not recognisablewithout
referring to experimental fate maps (Cambronero and Puelles, 2000).
Another well-known characteristic of typical rhombomeres (r2–
r6) is that they form segmentally iterated cell groups with a
heterochronic pattern of neurogenesis (Amat, 1986; Clarke and
Lumsden, 1993; the even-numbered rhombomeres associated to
Table 1
HH Plane Riboprobes
35 S a4, a5, a6
36 S b4, d4
37 S a4, a5, a6
a4, b4, a5, b5
d4, c5, c6
b6, b7
b3, a7, b7
a4, d4
b4, a5, b5, c5
a4, b6, a6
37 T a4, a5, a6
d4, c5
b3, b5, b6, b7
38 S a4, d4
a5, c5
b6, b7
39 S a4, a5, a6
41 S a4, a5, a6
b4, b5
d4, c5, c6
b3, b4, d4
41 T b4, b5
a4, a5
a7, b7
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discrete neuronal groups are encompassed within motor or sensory
nuclei (Lumsden, 1990; Simon et al., 1995). In contrast, the caudal
hindbrain shows a neurogenetic pattern that is more homogenous
along the rostrocaudal axis. There appears instead a graded pattern of
neurogenesis with several longitudinal columns extending caudal-
wards into the spinal cord (Amat, 1986). Clarke and Lumsden (1993)
noted that the caudal hindbrain lacks some neuronal types typical of
rhombomeres (r2–r6), and shows other types characteristic of the
spinal cord. The caudal hindbrain also resembles the spinal cord in
that both are ﬂanked by somites, while typical rhombomeres are
ﬂanked by the otic placode and headmesoderm. The caudal hindbrain
thus seems to lack the typical differentiated segmented structure of
the rostral hindbrain or other brain regions (i.e. prosomeres) and
shares instead cellular and morphological features with the non-
overtly segmented spinal cord.
The ontogenesis of this brain region has been analysed descrip-
tively and by fate maps that show its correspondance with the classic
myelencephalon or medulla oblongata (His, 1893; Vaage, 1969; Tan
and Le Douarin, 1991; Cambronero and Puelles 2000; review by
Puelles et al., 2007). Its alar plate forms the caudal part of the cochlear,
vestibular, trigeminal and viscerosensory columns, each of them
internally regionalised along the rostrocaudal axis. For example, the
viscerosensory column, that includes the gustatory and solitary nuclei,
has a very complex structure in terms of morphology, function and
neurochemistry (Dubbeldam et al., 1979). In the basal plate of the
medulla there are highly regionalised motor complexes such as those
of vagal and hypoglossal nerves, as well as diverse specialised areas of
the reticular formation (Katz and Karten, 1983a;Wild, 1981; review by
Puelles et al., 2007). On the other hand, the rhombic lip at medullary
levels gives rise to distant tangentially migrated derivatives, such as
the pontine and inferior olivary nuclei, which display their own
complex internal regionalisation (review by Sotelo, 2004).
Cambronero and Puelles (2000) ﬁrst analysed the possible
existence of a hidden segmental Bauplan within the medulla
oblongata. Reasoning with Vaage (1969) that hidden intersegmental
boundaries would be expected to occur antimeric to intersomitic
limits (as occurs in the spinal cord), they fate-mapped in the 2-day-old
chick embryo empirically deﬁned segments (pseudorhombomeres)
limited by planes bisecting the adjacent somites. They found that each
pseudorhombomere gives rise to a well-deﬁned transverse portion of
the mature medulla oblongata, as occurs with the typical rhombo-
meres r2–r6 (Marín and Puelles, 1995). Signiﬁcantly, the limits
between pseudorhombomeres precisely ﬁtted the morphological
transverse limits of a number of medullary neuronal groups,
bespeaking thus of a hidden metameric process in their causal
background.
In this report we addressed the question whether there is an
underlying molecular basis for this hypothetical hidden metameric
organisation of the caudal hindbrain. We decided to analyse in detail
the expression pattern of Hox genes within this structure.
Hox genes provide positional information for the metazoan body
plan (reviews by Krumlauf, 1994; Kmita and Duboule, 2003;
Deschamps and van Nes, 2005; Iimura and Pourquié, 2007). In
vertebrates these genes are organised into four clusters (A–D), whose
respective linearly arranged genes (paralogue groups 1–13) show a
temporal and spatial expression gradient according to their 3′ to 5′
positions within the cluster (colinearity). In the early neural tube they
are expressed continuously from the spinal cord to the hindbrain, each
differing in their respective anterior limits arranged according to the
3′–5′ order. It is well known that the anterior boundaries of 3′ Hox
genes forming groups 1 to 3 ﬁt interrhombomeric boundaries within
the overtly segmented part of the hindbrain — review by Nolte and
Krumlauf, (2005). On the other hand, 5′ Hox genes from groups 8 to 10
are distributed within the spinal cord, where they correlate function-
ally with the differentiation of brachial, thoracic or lumbar moto-neuron phenotypes (Dasen et al., 2003; Shah et al., 2004) or dorsal
horn neurons (Holstege et al., 2008).
The medulla oblongata is positioned between these two regions
and contains the anterior expression boundary of Hox genes from
groups 4 to 7. This pattern was initially described in mouse embryos
(i.e. Deschamps et al., 1987; Krumlauf et al., 1987; Toth et al., 1987;
Gaunt,1988; Graham et al., 1988; Gaunt et al., 1989,1990;Mahon et al.,
1988; Schughart et al., 1988). Comparative analysis in chicken (i.e.
Grapin-Botton et al., 1995; Gaunt and Strachan, 1996; Gaunt et al.,
1999) uncovered similar expression patterns. When compared at early
stages, these group 4–7 Hox genes display their typical spatial
colinearity in the caudal hindbrain neuroepithelium (i.e. mouse
Hoxc4 and c5 — Geada et al., 1992; Hoxa4, a5 and a6 — Gaunt,
2000). Unfortunately, all these studies, as well as those ulterior ones
involving mouse transgenic lines, involved analysis of early stages, so
that we still lack an assessment of the relation of these Hox expression
patterns with mature medullary neuromorphological features.
We approached this issue using as a model system the medulla
oblongata of midgestational chick embryos (10 to 15 days in ovo), and
analysed therein the expression pattern of different Hox genes from
the 4 to 7 groups relative to observable nuclear boundaries. We
included also the analysis of Hoxb3 in order to compare the other
results with a 3′ Hox gene pattern whose expression is characteristic
of the overtly segmented hindbrain. Our ﬁndings are largely
supportive of the hypothesis of a hidden segmentation of the avian
medulla oblongata.
Materials and methods
All experiments were done in accordance with the European
Communities Council Directive (86/609/EEC) and the ethical guide-
lines on animal experiments of our institutions.
Brains from chick embryos ranging from 10 to 12 days of
incubation (stages HH36 to HH38 of Hamburger and Hamilton,
1951) were dissected out and ﬁxed by immersion in 4% paraformal-
dehyde in PBS 0.1 M, pH 7.4. In the case of older embryos (13–15 days
of incubation, stages HH39 to HH41) they were previously perfused
intracardially with 4% paraformaldehyde in PBS, followed by brain
dissection and immersion overnight in the same ﬁxative solution.
Fixed brains were embedded in a gelatine–albumine–sucrose
mixture and sectioned in a vibratome to obtain 50–75 μm thick slices.
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labelled riboprobes as described in Nieto et al. (1996).
The riboprobeswere synthesised from cDNAs ESTs n° ChEST1008a12
(Hoxb3), ChEST427p24 (Hoxa4), ChEST660k7 (Hoxb4), ChEST25b6
(Hoxd4), ChEST382m24 (Hoxa5), ChEST699L10 (Hoxb5), ChEST1007o18
(Hoxc5), ChEST936i22 (Hoxa6), ChEST147L22 (Hoxb6), ChEST400m11
(Hoxa7) and ChEST611c8 (Hoxb7). The respective clones were obtained
from the BBSRC ChickEST Database (Boardman et al., 2002).Fig. 1. (A–E) Hoxb3 expression. Sagittal sections from a single HH37 brain ordered from late
immunohistochemistry with 3A10 antibody (brown precipitate). Rostral is to the left. Major neu
cochlear nuclei. In panel D we tentatively drew the anterior limit of the expression domain o
(F) with the result of chimeric r6 grafts (G, H). Panel G is a high magniﬁcation detail of the sect
quail-to-chick graft of r6, processed with antiquail antibody (previously reported byMarín and P
toMCC and through themiddle ofMSO, and has a position similar to that of the anterior limit of
400 μm in H. Insets in panels A and F show details of Hoxb3 positive neurons in the trigeminaAlternate slice series from the same brain were processed for
different riboprobes as listed in Table 1. In some cases such material
was ulteriorly processed for immunohistochemistry with the mono-
clonal antibody 3A10 (Hybridoma Bank, University of Iowa) follow-
ing standard peroxidase-diaminobenzidine methods. Processed
sections were mounted with glycerol-jelly (Sigma). 3A10 staining
helped to identify motor nuclei and other neuronal formations
(Seraﬁni et al., 1996).ral to medial. They were processed for ISH with Hoxb3 riboprobe (blue precipitate) and
ronal formations are delimited by dashed lines. Panel C is a detail of panel B, showing the
f this gene (dotted line). (F–H) Comparison of Hoxb3 expression in the cochlear complex
ion shown in panel H. The latter corresponds to a sagittal section of a brain that received a
uelles,1995). The anterior limit of Hoxb3 expression (dotted line in panel F) crosses rostral
grafted r6 (dotted line inpanel G). Bars: 200 μm inpanels A, B, D, E; 100 μm inpanels C, F, G;
l column (arrow in panel A) and prepositus nucleus (F). Bars in the insets: 10 μm.
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We analysed chick Hox gene expressions at midgestational stages
in which the differentiation of the brain is quite advanced, and almost
all deﬁnitive nuclei are easily recognisable on a cytoarchitectural basis
(Tan and Le Douarin, 1991; Marín and Puelles, 1995; Cambronero and
Puelles, 2000).
We processed brain sections for ISH with the corresponding
riboprobes and then we performed as well 3A10 immunohistochem-
istry. This antibody recognises neuroﬁlament-associated proteins
(Seraﬁni et al., 1996). Although it is currently used as a marker for
neurons and axons, it does not label all of them. In our material we
ﬁnd 3A10 immunoreaction in neurons of the motor nuclei (the dorsal
nucleus of the vagus appears subtly regionalised with this antibody)
and some large neurons of the reticular formation with characteristic
rhombomere topography. The antibody labelled also all the principal
tracts: trigeminal, solitary, vestibular, cochlear and medial long-
itudinal tracts, as well as the ﬁbers of the motor nerves. The labelling
of the axonal scaffold and the motor nuclei helped in the delimitation
of the major neuronal groups.
We found that Hox genes were expressed with a clearcut
regionalised pattern. Their respective positive domains uniformly
extended from the spinal cord into the hindbrain, stopping
anteriorly at relatively sharp limits. The observed rostrocaudal
position of these limits ﬁtted the reported spatial colinearity of
Hox expression groups from 3′ to 5′. That is, among the genes we
analysed, Hoxb3 had the anteriormost limit, followed by group 4
genes, and so on.
However, the nuclei comprised within these domains expressed
the diverse Hox genes with variable intensities, ranging from strongly
positive to undetectable levels. In parallel, Hox genes in general
showed variations in expression level along the dorsoventral axis, in
patterns that seemed unrelated to 3′–5′ colinearity.
High magniﬁcation analysis showed that staining corresponded to
neurons, identiﬁable thanks to their morphology and size (e.g. insets
in Figs. 1A, E), although the additional presence of positive glial cells
could not be excluded.
In the following sections we report the results for each Hox group,
following the 3′–5′ order and indicating their relationships to the
functional columns of the hindbrain. We comment also about their
eventual coincidence with boundaries between rhombomeric (r2–r6)
or pseudorhombomeric (r7–r11) derivatives, as fate-mapped at these
stages according to homotopic quail-to-chick grafts (Marín and Puelles,
1995; Cambronero and Puelles, 2000; reviewed by Puelles et al., 2007).
Hoxb3
We ﬁrst analysed Hoxb3, as an example of a Hox gene expressed
throughout the medulla and ending anteriorly within the overtly
segmented rhombomeric hindbrain (r2–r6). In early chick embryos its
expression domain abuts rostrally either the r4/r5 limit (Rex and
Scotting, 1994; Grapin-Botton et al., 1995) or the r3/r4 limit
(Manzanares et al., 2001; Guidato et al., 2003). However, already in
3-day-old chick embryos a principal domain with strong expression
that abuts the r5/r6 limit in the alar plate and the r6/r7 limit in the
basal plate can be distinguished (Manzanares et al., 2001; personal
observations). There is thus a staged expression pattern that includes
the whole r7 and a dorsal portion of r6.
Comparing present ISH results to our fatemaps (Marín and Puelles,
1995; Cambronero and Puelles, 2000), the anterior limit of Hoxb3 ﬁts
the r5/6 boundary in alar plate structures (observable in lateral
parasagittal sections) and the r6/r7 limit in basal plate structures
(observable in sagittal sections close to the midline), thus reproducing
the pattern described in 3-day-old embryos.
We next describe the Hoxb3 expression pattern across the
different longitudinal functional columns of the hindbrain. Thisdescription introduces the morphological features of structures
analysed for all the genes examined. We followed the revised
anatomical terminology proposed by Puelles et al. (2007).
Cochlear nuclei
The cochlear nuclei correspond to the dorsalmost functional
column of the hindbrain, which receives auditive primary afferents.
They include the angular – Ang – and magnocellular – MCC –nuclei.
These connect in their turnwith the lateral – LSO – andmedial –MSO –
superior olivary nuclei (classically known as superior olive and nucleus
lamminaris, respectively). All of them remain in a dorsal position
excepting LSO that migrates ventrally (Tan and Le Douarin, 1991).
Homotopic quail-to-chick grafts show that the medial superior
olive (MSO) can be subdivided into distinct rostral and caudal
halves derived respectively from r5 and r6 (Marín and Puelles,
1995). Interestingly, the anterior limit of Hoxb3 expression crosses
through the middle of this nucleus, including the caudal r6-derived
half within the expression domain (Figs. 1B–D, F). Therefore the
anterior limit of Hoxb3 expression has the same AP position than
the rostral limit of grafted r6 in chimeric embryos (dotted lines in
Figs. 1D, F, G, H; Marín and Puelles, 1995).
As parasagittal sections approach the midline, MSO increases
rostral to the Hoxb3 domain (Figs. 1D, E). This is the same result
obtained in chimeric r6-grafted embryos, indicating that rostromedial
parts of MSO correspond to r5 (Marín and Puelles, 1995).
Nucleus magnocellularis (MCC) derives from r6, r7 and r8 (Marín
and Puelles, 1995; Cambronero and Puelles, 2000; Figs. 1G–H). In our
ISH material it is fully included inside the Hoxb3 domain, with its
anterior edge coinciding with the rostral limit of Hoxb3 signal (Figs.
1B–F). However, the ISH reaction within MCC displays a gradient
decreasing caudalwards, so that approximately its caudal half has very
low expression levels (Figs. 1C, F).
Nucleus angularis (Ang) has a principal core formed from r3 and r4,
with a tail-like accessory structure extending into r5 and r6 (Marín
and Puelles, 1995). Its core portion (r3–r4) lies rostral to the Hoxb3
domain of expression (Fig. 1A), while the caudal end of its tail
(corresponding probably to the r6 subdivision) enters within the
Hoxb3 domain — Fig. 1C.
The lateral superior olive – LSO – (which derives from r4 and r5)
appears just rostral to the Hoxb3 domain (data not shown).
Therefore the anterior limit of the Hoxb3 expression domain is
consistent with the fate-mapped r5/r6 limit concerning these alar
plate nuclei. However the result was different in the basal plate,
where we took the cochlear commissure (xc) as a positional
marker. This commissure occupies entirely the midline of r6–r8
(Marín and Puelles, 1995; Cambronero and Puelles, 2000; Puelles et
al., 2007). Its rostral end coincides thus with the r5/r6 limit, where
it abuts the caudal vestibular commissure (xv) in r5 — Figs. 1E, 2A.
The anterior limit of Hoxb3 was shifted caudalwards relative to the
anterior end of the cochlear commissure and the r6 portion of the
abducens nucleus (see below), roughly marking thus the fate-
mapped position of the r6/r7 limit (Figs. 1E, 2A).
Vestibular column
This column receives vestibular primary afferents from the VIII
cranial nerve. It extends throughout the hindbrain from r1 to r10. In
the medulla oblongata this column is represented by the medial and
the spinal vestibular nuclei.
The medial vestibular nucleus – MVe – forms a characteristic
dome-shaped protrusion into the fourth ventricle, and extends
from r4 to r8, ventromedial to the cochlear and olivary nuclei
(Marín and Puelles, 1995; Cambronero and Puelles, 2000). The
anterior limit of Hoxb3 expression crosses through the middle of
this nucleus (Figs. 1B–E).
Laterally, the vestibular column is represented by the spinal (or
descending) vestibular nucleus – SpVe – (which extends from r4 to
Fig. 2. (A) Detail of Fig. 1E showing the deduced interrhombomeric boundaries in the paramedian region of r5–r9, jointly with relevant landmarks (xv; xc; 6r5; 6r6; Gi). (B–E) Hoxb3
and 3A10 expression in transversal sections of the medulla in a HH37 brain. Their relative positions are indicated in F. They are ordered from rostral to caudal, reaching down to the
cervical spinal cord. Vertical median arrows point to the position of the midline raphe. Bars: 200 μm.
234 F. Marín et al. / Developmental Biology 323 (2008) 230–247r10; Marín and Puelles, 1995; Cambronero and Puelles, 2000). The
Hoxb3 expression domain forms a relatively sharp limit across this
column, as a ventral continuation of the transversal limit observed in
the cochlear nuclei (Figs. 1A, B).
The medial and spinal vestibular nuclei do not show cytoarchitec-
tonic features that allow easy correlation of the anterior limit of Hoxb3
expression with the r5/r6 boundary, as reported for cochlear nuclei.
However, we can deduce this correspondence, if we compare Hoxb3
expressionwith other landmarks such as the caudal border of nucleus
tangentialis (Ta; Fig. 1A). This nucleus lies at and slightly behind the
vestibulocochlear nerve root, occupying r4 and part of r5 (Marín and
Puelles, 1995). Moreover, the large-celled dorsal and ventral parts of
the lateral vestibular nuclei – LVeD, LVeV – occupy r3 and r4 (Marín
and Puelles, 1995; Puelles et al., 2007) and are separated from the
Hoxb3 domain by a gap that may correspond to r5 (Fig. 1B).
Viscerosensory column
Ventrally to the vestibular column there appears the viscerosen-
sory column, which receives primary input from the VII, IX and X
cranial nerves. It is formed by the gustatory nucleus (Gu) rostrally and
the complex of the solitary tract (Sol) caudally, mutually joined at the
r7/r8 limit. The gustatory nucleus extends from r3 to r7 (Cambronero
and Puelles, 2000; Puelles et al., 2007) appearing as a thin column
placed between trigeminal and vestibular columns. Its caudal portion
(r6–r7 derived) is placed inside the Hoxb3 domain (Fig. 1D), as
happens the entire solitary complex more caudally.
Trigeminal column
The spinal trigeminal column is placed superﬁcially. It extends
from r2 into the spinal cord, and is related to the descending tract of
the V cranial nerve, which enters at r2 level. Its medullary portion is
represented by pars interpolaris (Sp5I) which extends from r5 to r10,
and pars caudalis (Sp5C) which continues into the spinal cord.
Inside pars interpolaris of the trigeminal column there are no
clearcut cytoarchitectonic differences to be used as positional markers
for interrhombomeric limits. Nevertheless, the Hoxb3 anterior limit
subdivides it into a rostral negative part and a caudal positive portion,with a boundary that is a ventral continuation of that present across
the cochlear, vestibular and viscerosensory columns. Hoxb3 expres-
sion accordingly includes up to the r6 portion of this column,
consistently with accessory landmarks such us the glossopharyngeal
nerve ﬁbers penetrating within r7 (9n in Fig. 1B). At lateral levels there
appears what seems a rostralwards migration of some Hoxb3 labelled
neurons across this boundary (arrow in Fig. 1A), invading the r5
portion. Short rostralward migrations of neurons are characteristic of
the trigeminal column, as indicated by the analysis of rhombomeric
grafts (Cambronero and Puelles, 2000). The caudal continuation of the
trigeminal sensory column as pars caudalis within the spinal cord is
also positive for Hoxb3 (Fig. 2E).
Motor nuclei
The preganglionic parasympathetic visceromotor nuclei of the
medulla oblongata are represented by the glossopharyngeal (9) and
vagal dorsal motor nuclei (10), which derive respectively from r7
and r8-my1. They are all included within the Hoxb3 domain. The
vagal dorsal motor nucleus (10) is a large formation occupying
several rhombomeres and the ﬁrst myelomere (my) or spinal cord
segment. The expression of Hoxb3 within this nucleus shows
variable levels, corresponding to the different subregions of this
nucleus (Cambronero and Puelles, 2000; Puelles et al., 2007). In fact
this nucleus shows also a heterogenous labelling with 3A10, as
commented above, which can be due to the presence of different
cell types within it (Figs. 1E, 2B, C and data not shown). The internal
regionalisation of this nucleus appears also in relation to Hox4 gene
expression (see below).
The medullary branchiomotor nuclei are represented by the
retrofacial nucleus (RF) – derived from r6 – and the ambiguus motor
nucleus (Amb)— derived from r9–r11. The RF lacks Hoxb3 signal (Figs.
1A, B), whereas the Amb shows moderate expression in some cells
(Figs. 1A, B, D and 2B, C and data not shown).
The medullary somatomotor nuclei are represented by the
hypoglossal (12) and supraspinal (Ssp) motor nuclei. They are
continuous caudally with the spinal accessory nerve nucleus (11)
and the ventral horn of the spinal cord (VH), respectively. The
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signal in scattered cells. The supraspinal motor nucleus (Ssp) –
including both dorsal and ventral parts – and the ventral horn, placed
ventrally to the former nuclei, are negative (Figs. 1E; 2C–E).
More rostrally, another somatomotor nucleus, the abducens
nucleus (6), which derives from r5 and r6, is negative and is placed
just rostral to the anterior limit of Hoxb3 expression (Figs. 1E, 2A).
Therefore at this level, close to the midline, the anterior limit of Hoxb3
expression is shifted caudalwards in relation to the r5/6 boundary (as
commented before in relation to the cochlear commissure) coinciding
more likely with the fate-mapped r6/r7 limit, which passes caudal to
this nucleus (Fig. 2A).Fig. 3. Expression of Hox4 genes. (A, B) Hoxa4 expression in sagittal sections from a HH41
expression, as well as the distinct rostralwards migration of pontine nuclei (Pn). (C–H) Com
brains were alternatively processed for ISH with riboprobes for these genes, as well as for
boundaries according the cytoarchitectonic features commented in the text. Sections in panReticular formation
The reticular formation comprises several distinct or undistinct
areas along the dorsoventral and rostrocaudal axes of the hindbrain
(Puelles et al., 2007). The expression of Hoxb3 forms also a relatively
sharp anterior limit in these structures, as reported for the sensory
columns. However, the expression levels inside this reticular sub-
domain is highly variable between the different subdivisions of this
formation. The parvicellular reticular area (PCRt) forms a longitudinal
band intercalated between the trigeminal and solitary columns. It is
moderately positive for Hoxb3 (Figs. 1A, B, D and 2B–D), with specially
strong expression at the rostral end of the Hoxb3 expression domain
(Figs. 1B, D). The intermediate reticular area (IRt) forms a band medialbrain. Panel A is more lateral than panel B. Note the relatively sharp anterior limit of
parison of Hoxa4 (C, F), b4 (D, G) and d4 (E, H) expression. Sagittal sections from HH 37
immunohistochemistry with 3A10 antibody. We tentatively drew the r6/r7 and r7/r8
els C, D and E are lateral respectively to sections in panels F, G and H. Bars: 200 μm.
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and more rostrally the cells of the retrofacial motor nucleus (RF). It
expresses Hoxb3 inmedial sections and principally at the rostral end of
the overall expression domain (Figs. 1A, B, D and 2B–D).
Lateral parasagittal sections show expression in the rostroventro-
lateral reticular nucleus (RVL) (Fig. 1A). According to the position of
the r6-derived retrofacial nucleus (RF), this expression involves a
subdivision of RVL corresponding to r6.
Hoxb3 is also expressed in the so-called intermediate zone (IZ)
which lies medially below the dorsal vagal (10) and hypoglossal motor
(12) nuclei — Figs. 1E and 2B–D, extending caudalwards into the
central griseum of the spinal cord (IZ in Fig. 2D).Fig. 4. (A–C) Hoxa4, b4 and d4 expression in sagittal sections close to the midline, continuing
oblongata and its major structures, indicating the anterior limit of expression of Hoxb3 and
focused upon the cochlear commissure. The r6/r7, r7/r8 and r8/r9 boundaries are drawn acc
Bars: 200 μm.The intermediate zone is continuous rostrally with the prepositus
nucleus (Pre) which appears below the cochlear commissure, from r6
to r8. This is crossed by the sharp anterior limit of Hoxb3 expression
(Figs. 1E, 2A).
This gene is also expressed in the paramedian reticular nucleus
(PMn) which partially overlaps with the medial longitudinal fascicle,
extending from r6 to r9. Close to this nucleus there appear large
cells labelled with 3A10, belonging to the gigantocellular reticular
nucleus (Gi; rgc in Cambronero and Puelles, 2000) which do not
express Hoxb3 (Figs. 1E, 2A).
The Hoxb3 expression in nucleus raphe obscurus (which
extends from r6 to r11) is very faint and includes up to its r6the respective series of Fig. 3. (D) Schema of a sagittal transparent view of the medulla
Hox4 genes (dotted blue lines). See also Fig. 9. (E–G) Details of panels A–C, respectively
ording to the cytoarchitectonic and myeloarchitectonic features commented in the text.
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other dispersed neuronal populations that we could not identify
more precisely in our material. We label them with the generic
name of reticular formation (Rt). This expression is generally very
weak within the domain of Hoxb3, excepting a patch of stronger
labelling just at its anterior limit, coinciding with r6 territory (Rt in
Fig. 1D).Fig. 5. (A) Sagittal section close to themidline of a HH41 brain showing Hoxa4 expression in th
following transversal sections. Bar: 200 μm. Inset: detail of the hypoglossal nucleus (12) show
vagus in relation to some of its subdivisions and the interrhombomeric limits (abbreviations
and d4 expression in transversal sections frommedulla oblongata and cervical spinal cord.W
F, G correspond to a HH41 brain, and panels E, H to a HH37 brain. Bars: 200 μm. Follow the
anterodorsal parvicellular; AVmc, anteroventral magnocellular; AVpc, anteroventral parvi
posterointermediate mediocellular; PVpc, posteroventral parvicellular; VL, ventrolateral.Rhombic lip derived nuclei
These are formed by the inferior olivary complex, which is
subdivided into a dorsal lamina – IOD – (placed in r9–r11) and a
ventral lamina –IOV– (r8–r9); and the pontine nuclei (placed in r3–
r4). All of them belong to the precerebellar system. The dorsal and
ventral inferior olivary laminae are included within the Hoxb3
expression domain (Figs. 1D, E). However, this expression is organisede vagal dorsal motor nucleus and surroundings.We indicate the respective planes of the
ing positive neurons. Bar: 10 μm. (B) Detail of A showing the dorsal motor nucleus of the
and terminology taken from Puelles et al. 2007; see end of this legend). (C–H) Hoxa4, b4
e marked in panel A the respective section planes of the transversal sections. Panels C, D,
names of vagal motor complex subdivisions: ADme, anterodorsal mediocellular; ADpc,
cellular; CDh, caudodorsal heterocellular; PDmc, posterodorsal magnocellular; PIme,
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negative subregions, as we can see in Fig. 1E. This internal
regionalisation also is apparent when looking at the expression of
Hox4 genes, as reported below.
The pontine nuclei are negative for Hoxb3. However our previous
homotopic grafts showed that they derive from r6–r8 (Marín and
Puelles, 1995; Cambronero and Puelles, 2000). Therefore we have to
consider these structures as derived from the Hoxb3 expression
domain (that is, originated from r6 and caudalwards) but they appear
to lose the expression of this gene early on.
Hoxa4, b4 and d4
The expression domain of these genes reportedly abuts rostrally
the r6/r7 boundary in 2–3-day-old chick embryos (Grapin-Botton
et al., 1995; Itasaki et al., 1996; Bel-Vialar et al., 2002; Guidato et al.,
2003). The ulterior position of this limit within the medulla oblongata
was deﬁned in neuromorphological terms by means of quail–chick
grafts of r6 (Marín and Puelles, 1995) and pseudorhombomere r7
(Cambronero and Puelles, 2000).
Analysing the expression pattern of these genes at later stages, we
found that Hoxd4 ﬁts closely the r6/r7 boundary, while the signal of
Hoxa4 and Hoxb4 signal stops more posteriorly approximating the r7/
r8 boundary, as we comment below.
Cochlear column
The magnocellular nucleus (MCC) is subdivided in three portions
derived from r6, r7 and r8 (Marín and Puelles, 1995; Cambronero and
Puelles, 2000). The anterior limit of Hoxa4 expression crosses through
this nucleus (MCC) at lateral section levels (Figs. 3A, C), while at more
medial sections this nucleus is rostral to the expression domain of
Hoxa4 (Figs. 3B, F). Therefore this gene is expressed within the
caudolateral third of MCC, coinciding approximately with its r8
portion (Cambronero and Puelles, 2000).
Hoxb4 was not expressed in MCC (Figs. 3D, G) excepting at its
caudolateral end, visible only in lateralmost sections (data not shown).
Therefore this gene was expressed only in a small portion of the r8
subdivision of this nucleus.
Hoxd4 expression included approximately the caudolateral two
thirds of this nucleus, coinciding with the r7 and r8 subdivisions (Figs.
3E, H).
In the basal plate (that is, in medial sagittal sections) the
expression of Hox4 genes overlap partially the longitudinal extent of
the cochlear commissure (which includes r6, r7 and r8 components)
(Figs. 4A–C). Hoxa4 and Hoxb4 reached only the estimated r7/r8
boundary (Cambronero and Puelles, 2000) with a weak graded
expression in r8 (Figs. 4A, B, E, F). On the other hand, Hoxd4
expression advanced more rostralward by the length of one
rhombomere, with strong expression in r8, and extending gradientally
into r7 (Figs. 4C, D).
Therefore, concerning cochlear structures, the anterior end of
Hoxd4 expression ﬁts the r6/r7 boundary. Hoxa4 and Hoxb4 roughly
end at r7/r8 boundary, although they display graded variation within
r8, decreasing rostralward, more markedly in the case of Hoxb4
(practically no signal in MCC).
Vestibular column
Themedial vestibular nucleus (r4–r8) has a caudal portion positive
for Hox4 genes (Figs. 3F–H; 4A–B). However, their respective anterior
limits of expression show different rostrocaudal positions, with Hoxd4
being the most rostral, followed by Hoxa4 and then by Hoxb4, as
happened in the cochlear column. In fact, the portion positive for
Hoxb4 gene is present only at lateral levels probably corresponding to
r8 (Fig. 3G). In any case the anterior limit of expression was diffuse
within this nucleus, often showing intermingling of positive and
negative cells (Figs. 4A–C; 5A).The step-like pattern for Hox4 gene expression appears also in the
spinal vestibular nucleus. In order to visualise interrhombomeric
limits, we can take here as a landmark the glossopharyngeal nerve
root ﬁbers, placed in r7 (Figs. 3C–H). According to this, the respective
anterior limits of these expression domains may be estimated as r6/
r7 for Hoxd4 and r7/r8 for Hoxa4 and Hoxb4 (Figs. 3A–H).
Nevertheless Hoxa4 shows some disperse positive cells within the
r7 portion (Fig. 3C).
Viscerosensory column
The limit between the gustatory nucleus and the solitary tract
nucleus was recently postulated to lie at the r7/r8 limit (Puelles et al.
2007). The anterior limit of Hoxa4 and Hoxb4 gene domains coincides
approximately with this boundary, while Hoxd4 is expressed at the
caudal end of the gustatory nucleus (data not shown; note correlation
with the glossopharyngeal nerve root ﬁbers; Figs. 3E, H). The whole
solitary tract nucleus (Sol) is therefore included more caudally within
the expression domain of these genes (Figs. 4A–D; 5A–D).
Trigeminal column
The pars interpolaris of this nucleus (Sp5I), composed of a central
dense core and a peripheral shell (Figs. 5C–E), is held to extend
through r5–r9 (Puelles et al., 2007). It contained a relatively sharp
rostral limit of expression for each of the Hox4 genes (Figs. 3C–H).
Hoxd4 labels less distinctly the core of Sp5I (Fig. 5E) and is expressed
up to the r7 portion of this nucleus, identiﬁed thanks to the presence
of glossopharyngeal nerve root ﬁbers (9n) within this segment. In
contrast Hoxa4 is expressed very weakly at this level, with stronger
expression starting from r8 caudalwards (Figs. 3A–C, F). Hoxb4 has a
still more caudal expression pattern extending rostrally weakly into
the area estimated to be r8 (Figs. 3C–H and data not shown).
Interestingly, the boundary of Sp5I with Sp5C can be distinguished
with Hoxa4 (Figs. 3A, B).
Moreover, Hoxd4 signal decreases caudal to Sp5I, so that Sp5C has
practically no expression (Figs. 5E, H). Hoxa4 and Hoxb4 are both
expressed in Sp5C, predominantly in one layer of this structure in the
case of Hoxa4 (Sp5C in Figs. 5F, G).
Motor nuclei
The glossopharyngeal motor nucleus (9) which lies within r7 and is
visualised with the 3A10 antibody, is positive for Hoxd4, and is placed
at the rostral end of its expression domain (Fig. 4C). Therefore the
expression of this gene ﬁts the r6/r7 boundary concerning this
structure. On the other hand, the anterior limit of both Hoxa4 and
Hoxb4 is placedmore caudally, leaving this nucleus distinctly negative
(Figs. 4A, B), and coinciding thus with the r7/r8 limit at the caudal end
of this nucleus (Cambronero and Puelles, 2000).
The afferent ﬁbers of the glossopharyngeal nerve root (9n) are
accordingly surrounded by cells expressing Hoxd4 (Fig. 3E). Expres-
sion of Hoxa4 and Hoxb4 accompanies only the vagal nerve roots
(10n), placed caudally to the former — Figs. 3C, D, F, G.
The dorsal vagal nucleus (r8–11) is included within the
expression domain of the three Hox4 genes. They each display
heterogeneous expression patterns within the different subregions
of this nucleus (reviewed by Puelles et al., 2007). This heterogeneity
involves variable intensities of the signal within the different
subnuclei, as well as intermingling of positive and negative cells
(Figs. 4A–C, 5A–E).
Among the somatic motor nuclei, the hypoglossal motor nucleus
(12) and its caudal continuation, the accessory nerve nucleus (11)
express moderately these genes, displaying a mixture of positive and
negative cells (Figs. 4A–E, 5A).
The supraspinal motor nucleus (SSp) and its caudal continuation as
spinal ventral horn (VH) were included within the expression domain
of these genes, expressing them in some sparse cells (Figs. 4A–C, 5A
and data not shown).
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(RF), estimated to lie in r6, was negative for the three Hox4 genes,
although the anterior limit of Hoxd4 came close to this nucleus (Figs.
3C, E). The ambiguus motor nucleus (Amb), whose cells are
interspersed within the intermediate reticular area, showedmoderate
labelling with these genes (Figs. 3C–H).
Reticular formation
The three Hox4 genes were expressed in the parvicellular and
intermediate reticular nucleus (PCRt, IRt; Fig. 3). Taking into accountFig. 6. Expression of Hox5 genes. (A–I). Representative samples of sagittal section series proc
antibody. Sections within each series are ordered from lateral to medial levels. They corresp
migrated into MVe. The inset shows a high magniﬁcation view of two of these cells. Aster
formation. (J–O) Transversal sections from rostral and caudal levels of the medulla oblongata
in panels G–I. Sections in panels L, M were additionally processed for immunodetection oflandmarks such us the retrofacial nucleus (RF) in r6, and the
glossopharyngeal nerve ﬁbers (9n) in r7, it was concluded that
Hoxd4 expression extends into r7 territory (Figs. 3E–H), while the
other two genes are expressed one segmental level more caudally.
The anterior limit of Hoxd4 expression in the reticular formation
within the deep column formed by the intermediate zone (IZ) and the
nucleus preopositus hypoglossi (Pre) reached near the fate-mapped
r6/r7 limit (Fig. 4G). We identiﬁed the medial position of this limit
according to landmarks such us the abducens nucleus (r5–r6) and the
cochlear commissure (r6–r8), as well as the gigantocellular reticularessed respectively for ISH detection of Hoxa5, b5 and c5 and counterstained with 3A10
ond to a HH37 brain. The arrows in panels A, C, D, G point to positive cells apparently
isk in panel A indicates the position of apparently migrated cells within the reticular
, processed the same genes (stage HH37). Their respective sectioning levels are indicated
3A10. Bars in panels A–O: 200 μm. Bar in the inset: 10 μm.
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Puelles, 2000). Hoxa4 and Hoxb4 were found one segmented level
more caudally (that is, including only up to r8) as reported before
when describing the expression near the cochlear commissure (Figs.
4E, F).
The three genes were expressed in the paramedian reticular
nucleus (PMn) keeping the aforementioned segmental pattern,
although Hoxa4-labelled cells of this nucleus showed a rostralwards
migration into r6–r7 (Fig. 5A and data not shown). Other positive
medial populationswere the nucleus raphe obscurus (ROb) (Figs. 5C–E)
and other subregions of the reticular formation (Rt) (Figs. 3C–E,4A–C).
Rhombic lip derivatives
The pontine nuclei migrate rostrally and ventralwards from the
rhombic lip of rhombomeres r6–r8 (Marín and Puelles, 1995;
Cambronero and Puelles, 2000). Parts of these nuclei were positive
for Hoxa4 and Hoxd4, irrespective of being placed far away from the
expression domain of these genes (Figs. 3A, B, and data not shown).
The lack of Hoxb4 expression in these nuclei might be due to
downregulation, as proposed above in the case of Hoxb3.
The inferior olivary nucleus migrates tangentially and dorsoven-
trally from the rhombic lip of r8–r11 remaining within these
rhombomeres (Cambronero and Puelles, 2000). It was therefore
included within the expression domain of Hox4 genes. However, the
expression of Hox4 genes in its dorsal and ventral laminae was
regionalised, displaying positive and negative regions along the
rostrocaudal and mediolateral axes (Figs. 4A–C, 5A, C–E, and data not
shown). That is, the inferior olive shows an internal regionalisation
with Hox4 genes, independently of their anterior limits of expression.
Hoxa5, b5 and c5
Hox5 paralogues share an identical expression pattern, which
stops rostrally within the medulla, as described in 12.5 mouse
embryos (Gaunt et al., 1990). In chick embryos a similar expression
pattern was described for Hoxb5 (Wedden et al., 1989; Bel-Vialar et
al., 2002) but there is no available data for Hoxa5 and Hoxc5. We
found that in the chicken medulla oblongata their expression
domains are relatively similar, ending approximately at the fate-
mapped r8/r9 boundary. In some structures there was evidence of
rostralwards translocation of positive cells into r6–r8 territories, as
reported below.
Cochlear column
The expression domain of the Hox5 genes was placed distinctly
caudal relative to the cochlear nuclei (Figs. 6A–C). In medial
parasagittal sections the anterior limit of Hox5 gene expression
reached up to the caudal end of the cochlear commissure (r8/r9
boundary), although Hoxc5 expression was very weak within the r9
territory caudal to this structure (Figs. 6G–I and data not shown).
Vestibular column
The medial vestibular nucleus (MVe) ends caudally at the r8/r9
boundary, where it contacts with the dorsal column nuclei – dcn –
(Puelles et al., 2007). The expression domains of Hox5 genes are
caudal to this nucleus (Figs. 6A–I). However the three genes,
principally Hoxa5, show a rostralwards migration of positive neurons
through this nucleus, which reaches up to r6 (arrows in Figs. 6A, C, D,
G and data not shown). This apparent migration strictly reproduces
the data obtained from chimeric embryos with grafts of r9
(Cambronero and Puelles, 2000).
The spinal vestibular nucleus also had a caudal portion
expressing the Hox5 genes corresponding to the postulated r9–r10
parts of this nucleus (Cambronero and Puelles, 2000; Puelles et al.,
2007), although Hoxa5 displayed additional weaker expression
within r8 (Figs. 6A–C).Viscerosensory column
The Hox5 genes were expressed approximately in the caudal two
thirds of the solitary tract nucleus, corresponding to the r9–r11
portions of this nucleus (Puelles et al., 2007). Their expression in this
structure did not show sharp limits, but displayed a graded pattern
(Figs. 6D–F) that extended more rostrally in the case of Hoxc5, which
invades the r8 portion (Fig. 6E).
Trigeminal column
The three genes were expressed in the caudal portion of the pars
interpolaris of the trigeminal spinal column (Sp5I) corresponding
probably to its r9–r10 portions, although Hoxa5 expression extended
gradientally into r8 (Figs. 6A–C).
Hoxa5 and Hoxb5 transcripts continued caudally within the pars
caudalis (Sp5C) (Figs. 6A, B, D, E, K, M). The expression of Hoxa5 was
regionalised, labelling a speciﬁc layer of Sp5C, as in the case of Hoxa4
(data not shown).
In contrast, Hoxc5 was expressed in the caudal part of pars
interpolaris (Fig. 6C), but not in pars caudalis (Figs. 6C, F, O). Therefore
this gene appears as a molecular marker that distinguishes these
subdomains of the trigeminal column.
Motor nuclei
Hox5 genes were expressed within the dorsal motor nucleus of the
vagus (10). They displayed therein different regionalised patterns
limited to the r9–r11 portions of this nucleus, with Hoxa5 extending
more rostrally than the other two genes (Figs. 6G–I).
The ambiguus motor nucleus (Amb), hypoglossal motor nucleus
(12) and accessory nerve nucleus (11) were included within the
expression domain of these genes, and expressed them in a salt-and-
pepper pattern (Figs. 6A–C, G, H and data not shown).
The supraspinal nucleus (SSp) and its caudal continuation, the
ventral horn (VH), expressed these genes only in sparse cells — Figs.
6K, M, O and data not shown.
Reticular formation
The Hox5 genes are expressed in the parvicellular reticular area
(PCRt) and intermediate reticular area (IRt), showing intermixing of
positive and negative cells at the anterior limit of the respective
expression domains (Figs. 6A–I, K, M, O). They are also strongly
expressed in the intermediate zone (IZ). Their expression domains
jointly reach up to r9 level, although Hoxa5 transcripts also extend
more rostrally into r8 (asterisk in Fig. 6A).
Additionally Hoxa5 and Hoxc5 are selectively expressed in the
paramedian reticular nucleus (PMn), forming a positive population
displaced anteriorly into r7–r8 (Figs. 6G, I, J, N). Hoxb5 was expressed
within the r9–r11 portions of raphe obscurus and raphe pallidus
nuclei (data not shown).
Rhombic lip derivatives
There is no signiﬁcative labelling of the pontine nuclei although
Hox5 genes are expressed in part of their deduced birth area (r6–r8;
Marín and Puelles, 1995; Cambronero and Puelles, 2000). This result
points to a downregulation of these genes in pontine neuronal
populations, as commented before in the case of Hoxb3. There are
some labelled cells, though, immediately caudal to the pontine nuclei
(not shown; see Discussion).
The inferior olive shows expression for Hoxa5 and Hoxb5 at the
caudal part of its dorsal and ventral laminae. This expression includes a
strong signal domain corresponding probably to r10 and aweaker one
placed within r9 (Figs. 6A, B, D, E, G, H, and data not shown).
Hoxa6 and b6
Hoxb6 is expressed from the spinal cord into the medulla, with an
anterior limit that lies caudal to Hoxb4 and b5 genes, as analysed in
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Hoxc6 and Hoxa6 also have expression domains reaching up to the
medulla (Toth et al., 1987; Sharpe et al., 1988) but there are no other
studies of Hox6 genes at advanced stages of development in the chick.
Here we analysed Hoxa6 and b6, ﬁnding a rostral limit of expression
that is in some aspects consistent with the r9/r10 boundary postulated
by Cambronero and Puelles (2000).
Vestibular column and dorsal column nuclei
The dorsal column nuclei (dcn), encompassing the gracile and
cuneate nuclei, are relay formations that receive primary propio-
ceptive and tactile inputs from the body. They are located caudally
to the medial vestibular nucleus, and occupy the three last
pseudorhombomeres (r9–r11) as well as the rostral end of the
cervical spinal cord. In our analysis we include the external cuneate
nucleus among them (Puelles et al., 2007). These nuclei are positive
for Hox6 genes (excepting a rostrolateral portion that may
correspond to the reported r9 portions of cuneatus and external
cuneatus nuclei) while the rostrally adjacent medial vestibular
nucleus (MVe) is negative (Figs. 7A–D).
The spinal vestibular nucleus (SpVe) had some positive cells at
its caudal end. These probably correspond to the ﬁnal r10 portion ofFig. 7. Expression of Hox6 genes. (A–D) Representative sagittal sections from a HH37 brain
Hoxb6 (B, D) expression, together with 3A10 immunodetection. (E–H) Transversal sections
immunodetection of 3A10. Bars: 200 μm.this nucleus (Figs. 7A, B). Hoxa6 expression also extended more
rostrally into r9, taking as reference the position of glossophar-
yngeal (9n) and vagal (10n) root ﬁbers, which occupy respectively r7
and r8–r11.
Trigeminal column
The Hox6 genes are expressed in the caudal pole of Sp5I and Sp5C.
Hoxa6 had weak transcription (Figs. 7A, C, E, F) and Hoxb6 a strong
one in both structures (Figs. 7B, D, G, H).
Viscerosensory column
The Hox6 genes are expressed approximately in the caudal portion
of the solitary tract nucleus (Figs. 7C–D), corresponding approxi-
mately to the r10 and r11 portions of this nucleus (Cambronero and
Puelles, 2000).
Motor nuclei
Both Hox6 genes are expressed in a caudal portion of the dorsal
motor nucleus of the vagus (10), probably corresponding to its
postulated r10 and r11 components (Figs. 7C, D). They are also
expressed in caudal cells of the ambiguus motor nucleus (Figs. 7A,
B). The caudal portion of the hypoglossal motor nucleus (12) andat lateral (A, B) and medial (C, D) levels, processed for ISH detection of Hoxa6 (A, C) or
at the levels indicated in panels C–D. Sections in panels G, H were also processed for
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Hoxa6. The supraspinal nucleus (Ssp) and the spinal cord ventral
horn (VH) express Hoxb6 in some cells (Figs. 7G–H).
Reticular formation
Both Hox6 genes are expressedweakly in the parvicellular reticular
area (PCRt), and strongly in the intermediate reticular area (IRt) and
intermediate zone (IZ), showing the same anterior limit displayed by
the other structures. Expression of Hoxa6 is particularly strong in IRt
(Figs. 7E–F).Fig. 8. Expression of Hox7 genes. (A) Schema summarizing the anterior limit of expression of
a sagittal series processed for detection of Hoxb7 and 3A10 expression, ordered from latera
expression. (G–J) Transversal sections at the levels indicated in panels E, F, processed for deHox6 genes are not expressed either in the pontine nuclei or in the
inferior olive. It is known that the r10 rhombic lip participates in the
formation of dorsal and ventral laminae of the inferior olive
(Cambronero and Puelles, 2000), so it seems that expression of
these genes is downregulated in these cells.
Hoxa7 and b7
Hox7 paralogues have an expression pattern that reaches the
caudal end of the medulla, as was reported in mouse embryos at 12.5–Hox5, Hox6 and Hox7 genes analysed in this work. (B, D, F) Representative sections from
l to medial levels, at HH37. (C, E) Sections processed for detection of Hoxa7 and 3A10
tection of Hoxa7 (F, G), or Hoxb7 plus 3A10 immunoreaction (H, I). Bars: 200 μm.
Fig. 9. Schema correlating both pseudorhombomeric boundaries (slightly modiﬁed
from Marín and Puelles, 1995, and Cambronero and Puelles, 2000) and the anterior
limits of Hox3–7 expression with nuclear structure in the avian medulla. We represent
the rostralmost expression observable after comparing the different members of each
paralogue group (without contemplating cell migration or dispersion). The expression
domains of Hoxa4 and b4, although indicated as coinciding with r7/r8, display slight
graded variations relative to this boundary (see Discussion).
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analysis we found that they stop rostrally at a boundary that
corresponds more or less to the postulated r10/r11 limit (Cambronero
and Puelles, 2000).
Hoxb7 displays the broadest expression pattern along the
dorsoventral axis. This includes part of the dorsal column nuclei
(dcn), the pars caudalis of the spinal trigeminal column (Sp5C) and
the caudal end of the solitary tract nucleus (Sol), the dorsal motor
nucleus of the vagus (10) and the ambiguus motor nucleus. It is
also expressed strongly in the parvocellular reticular area (PCRt)
and intermediate reticular area (IRt), and weakly in the inter-
mediate zone (IZ) — Figs. 8B, D, F, I, J. The anterior limit of
expression ﬁts the postulated r10/r11 limit, except at the level of
the trigeminal column. We found that Hoxb7 expression stops
rostrally at the structural limit between pars interpolaris and pars
caudalis, although previous studies located this limit at the r9/r10
boundary (Puelles et al. 2007) or at the limit between medulla
oblongata and spinal cord – r11/my1 – (Cambronero and Puelles,
2000). We reexamined this question considering the present results
on Hox gene expression and 3A10 staining, concluding that Sp5I/
Sp5C limit lies at the r10/r11 limit.
Hoxa7 shares the rostrocaudal extent of Hoxb7, that is, reaches
rostrally approximately to the r10/r11 limit, but is largely restricted to
some reticular neurons in the parvicellular reticular area (PCRt) and
the intermediate zone (IZ) — Figs. 8C, E, G, H.
Discussion
Correlation between Hox gene expression domains
and pseudorhombomeres
Detailed topographic mapping of a variety of Hox genes from the
groups 4 to 7 indicates that they display relatively sharp transversal
anterior limits of expression within the medulla oblongata, according
to the well-known 3′ to 5′ spatial colinearity of this gene family. The
Hoxb3 gene was also expressed in the medulla oblongata caudal to r5,
yielding a similar pattern as the paralogues ending more caudally.
Previous studies on developmental gene expression of Hox genes
focused only on early neural tube stages, but we show here that these
expression patterns can be followed into advanced embryonic stages.
Consequently we have obtained a map of the rostrocaudal molecular
regionalisation of themature medulla oblongata in terms of Hox genes
(Figs. 4D, 8A, Fig. 9), which largely corroborates and gives additional
weight to the map obtained by means of chimeric grafts (Cambronero
and Puelles, 2000; Puelles et al., 2007).
There exist some graded variations of expression or cell dispersion
patterns ahead or backwards from given boundaries, depending on
the Hox gene and the particular structure considered. However, we
found a global correlation between the changing anterior limits of
colinear Hox gene expression and the previously described hidden
boundaries between pseudorhombomeres. The Hoxb3 gene reaches
the r5/r6 limit. Hoxd4 gene ends at r6/r7, Hox5 genes at r8/r9, Hox6
genes at r9/10 and Hox7 genes at r10/11 (Fig. 9). Correlation on a strict
cell-to-cell basis of given Hox groups with respective boundaries is
handicapped by this gradiental aspect, so that present conclusions are
based upon comparison of our ISH data with results from the
Cambronero and Puelles (2000) study via cross-reference of anato-
mical landmarks. Curiously, the r7/r8 limit lacks a speciﬁc group of
Hox genes that deﬁne it. Instead, discrete variations in the level of
expression of the Hox4 genes matched this boundary. Notably, the
Hoxa4 and Hoxb4 domains rostrally end gradientally at the r7/r8 limit
within the reticular formation and the trigeminal, vestibular and
cochlear columns (Figs. 3C, D). These genes thus seem to be
secondarily regulated into a role as markers of r7/r8 boundary.
We should take into account that, within the overtly segmented
hindbrain, the r2/r3 boundary is apparently not matched by any Hoxgene, at least at the stages analysed so far. On the other hand, different
Hox3 genes match the r4/r5 and r5/r6 boundaries (Manzanares et al.,
2001; Nolte and Krumlauf, 2005). We studied Hoxb3, whose
expression stops at the r5/r6 limit, but analysis of other Hox3 genes
might lead to a different pattern, as suggested by some data reported
for early mouse and chick embryos. For example, Hoxa3 has a strong
expression within r5 that is not shared by Hoxb3 (Manzanares et al.,
2001). Therefore, there is not a one-to-one correlation between
interrhombomeric limits and Hox gene groups, neither in the caudal
nor in the rostral hindbrain.
Another problem, when correlating gene expression patterns to
intersegmental boundaries, lies in a variable dispersion of positive
cells at these limits, making them somewhat fuzzy. We conclude that
this dispersion is normal and obtains as well when the fate of
rhombomeres is assayed with homotopic graft, either in the overtly
segmented hindbrain (Marín and Puelles, 1995) or in the medulla
oblongata (Cambronero and Puelles, 2000).
On the other hand, the expression of these genes can suffer
selective downregulation processes in some regions, involving the
dorsoventral axis or internal subdivisions of some nuclei (see below).
These phenomena may lead to partial secondary shifting of their
expression domains away from given intersegmentary limits. For
example, Hoxb4 seems downregulated in dorsal r8, involving the
cochlear and vestibular columns (Fig. 3D), while Hoxb3 is down-
regulated in ventral r6 but not in ventral r7 (Fig. 2A) as can be observed
already at early stages (Manzanares et al., 2001, and data not shown).
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Besides the aforementioned light cell dispersion at boundaries,
sometimes we observed reproducible cell migrations reaching at
least one segment length rostralward. Interestingly, we found not
only a correlation of Hox genes with fate-mapped hidden inter-
rhombomeric boundaries, but also with these caudorostral migra-
tory processes, which were previously described according to results
from chimeric grafts. The clearest and less surprising migratory
process, attending to its rostrocaudal range, is that of the pontine
nuclei. We found that irrespective of their postmigratory location
within r3 and r4 (Puelles et al., 2007) they appeared labelled with
some of the Hox4 genes, showing that these cells keep a molecular
memory of their origins at least concerning these genes (rhombic lip
of r6–r8; Marín and Puelles, 1995; Cambronero and Puelles, 2000).
More caudally expressed genes from groups Hox5, Hox6 and Hox7
do not label the pontine nuclei. However, Hoxb3, whose domain
extends from r6 caudalwards, is not expressed by the pontine
nuclei, indicating that in this case the expression of this gene is
downregulated. Hox5 genes labelled sparse cells in the retropontine
nuclei (Puelles et al., 2007) placed within r6–r8, that may
correspond to a migration from the rhombic lip analogous to the
pontine one (data not shown).
We found another apparent migratory process within the medial
vestibular nucleus, extending from r9 to r6, as shown by the
expression of Hoxa5. This same result was observed after grafting r9
(Cambronero and Puelles, 2000). This coincidence supports that the
Hoxa5 cells probably have migrated from their caudal primary
expression domain, instead of expressing de novo this gene.
Another massive migratory process is the one deduced for cells of
the paramedian reticular nucleus, which apparentlymove from r9 into
r7–r8, as observed with the Hoxa5 and Hoxc5 gene markers. This was
not described speciﬁcally by Cambronero and Puelles (2000).
However, reexamination of these data reveals a great cell dispersion
at levels close to the midline after grafting these caudal pseudorhom-
bomeres (unpublished data).
Possible implications of Hox/pseudorhombomere domains
Our results show that medullary longitudinal columns or nuclei
appear regionalised in the rostrocaudal axis according to Hox gene
expression, raising the question of the signiﬁcance of these molecular
subdivisions. One possibility would be that they correspond to
different projection patterns, as has been described in the overtly
segmented hindbrain and in some hodological literature (Katz and
Karten, 1983a, b, 1985). In r2–r6 the analysis of projection patterns
proved that apparently homogenous columnar structures, such as the
vestibular nuclei or the reticular formation, are in fact organised into
transversal hodological units correlated with rhombomeres (Díaz et
al., 1998; Glover, 2000). It would be necessary to apply this kind of
analysis to the medulla oblongata in order to verify if this pattern is
reproduced at caudal hindbrain levels. Published results concerning
vestibulocerebellar projections support this hypothesis, since they
deﬁne a vestibular hodological subdivision stopping caudally at the r8/
r9 boundary (Díaz and Puelles, 2003).
Our molecular subdivisions may be also related to mixed
cytoarchitectural, hodological and neurochemical differential char-
acteristics, such as those patterned along the AP axis within large
structures like the solitary nucleus or the reticular formation
(Dubbeldam et al., 1979; Katz and Karten, 1983b; Glover, 2000;
Marino-Neto and Armengol, 2000; Puelles et al., 2007).
Functional analysis of the Hox genes has proven that they govern
the regionalisation and fate acquisition in the hindbrain at early
stages, at least for those Hox genes expressed within the rostral,
overtly segmented hindbrain (r2–r6) (Gaufo et al., 2003, 2004; review
by Nolte and Krumlauf, 2005). Interestingly, a recent transgenicanalysis of the facial somatosensory map in the mouse principal
trigeminal nucleus suggested that the r1, r2 and r3 portions of this
nucleus subserve different peripheral sensory ﬁelds and differential
thalamic projections, with an implicit instructive role of the Hoxa2
gene (Oury et al., 2006). The function of the 5′ Hox genes in the
medulla oblongata, either in early patterning, or at late stages of
differentiation as described here, would need to be analysed, i.e. by
studying hindbrain cytoarchitecture, projection patterns and neuro-
chemistry in the corresponding KOmice. At this moment the role of 5′
Hox genes has only been analysed concerning the projection patterns
of spinal cord motoneurons (review by Nolte and Krumlauf, 2005) or
the differentiation of sensory neurons in the dorsal horn (Holstege
et al., 2008).
Overtly segmented versus non-segmented hindbrain?
Comparing the data about Hox gene expression in the upper
hindbrain (r2–r6) – reviewed by Nolte and Krumlauf, 2005 – and
the lower hindbrain (r7–r11) it seems that there are no basic
differences in gene expression patterning. Additionally, both
rhombomeres (r2–r6) or pseudorhombomeres (r7–r11) give rise
to the respective transversal structural metameric units, limits
often coinciding with cytoarchitectural landmarks, internal subdivi-
sions, or migratory phenomena, pointing to the existence of a
common mechanism for hindbrain segmentation, irrespective of
the presence of overt boundaries. We commented in the Introduc-
tion the striking non-similarities between these hindbrain portions
at early stages, concerning for example the presence of inter-
rhombomeric boundaries and sharply heterochronic patterns of
neurogenesis only observed in the rostral hindbrain. Further
analysis is needed to clarify the developmental signiﬁcance of
these changing features; notably what is precisely the role of the
overt interrhombomeric boundary cell populations, which are
absent in the medulla oblongata. For the moment we can conclude
that they are not involved in establishing limits for Hox expression
domains, although they may contribute to sharpening these
boundaries. For example, our Hoxb3 material (a gene expressed
all the way into the overtly segmented hindbrain) shows
boundaries with less cell dispersion than those displayed by
caudally expressed Hox genes.
Other intriguing feature of Hox expression in the medulla
oblongata is that it appears relatively late as compared to the timing
for overt hindbrain segmentation. The deﬁnitive Hox pattern within
this region apparently occurs following a process of forward
spreading from more posterior parts. Hoxb4 reaches the medulla at
the 15 somites stage (HH12), while the more 5′ genes do this later,
following the temporal aspect of 3′–5′ colinearity (Gaunt and
Strachan, 1996, and references therein). At these stages, the 3′/
anterior Hox genes have largely established their respective patterns
within the rostral hindbrain, while the morphological segmentation is
visible during HH9–HH11 stages (Vaage, 1969). It is known that these
heterochronic differences are due to the 3′–5′ temporal colinear
control of Hox expression, superposed to the spatial colinearity, a
pattern common to most of the systems regionalised by these genes
(Krumlauf, 1994; Kmita and Duboule, 2003; Deschamps and van Nes,
2005; Iimura and Pourquié, 2007). However it remains to be
discerned whether these clearcut temporal differences can have any
consequences affecting the histogenetic peculiarities of caudal versus
rostral hindbrain regions. Besides temporal colinearity, the mechan-
ism for establishment of the respective expression pattern seems to
depend either on retinoic acid signals for the 3′/anterior genes and
FGFs for the 5′/posterior ones (Bel-Vialar et al., 2002; Nolte and
Krumlauf, 2005). However, the outcome seems largely equivalent in
both cases as a segmental pattern of nuclei and columnar subdivisions
correlated either with rhombomeres or pseudorhombomeres (Cam-
bronero and Puelles, 2000).
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Besides their spatial colinearity along the antero-posterior (AP)
axis, Hox genes also appear regionalised along the dorsoventral (DV)
axis, as was previously shown in the mouse spinal cord (Graham et
al., 1991; Nolte and Krumlauf, 2005). We found that Hoxb3, a4, b4, a5,
b6 and b7 genes are preferentially downregulated in ventral regions
and particularly in ventrally originated neurons that migrate into
more dorsal domains (Ju et al., 2004), while Hoxd4, c5, a6, and a7 are
downregulated in both dorsal and ventral structures. Graham et al.
(1991) found that in the 12.5 dpc mouse spinal cord Hoxb genes kept
a strong expression restricted to dorsal levels, coinciding thus with
our results in the medulla. They also described a ventrally restricted
pattern for Hoxc genes, which we did not observe in the chick caudal
hindbrain. As can be observed, these selective DV patterns do not
obey the overall spatial colinearity, indicating that Hox genes are
subject to other regulatory mechanisms, different from those that
govern rostrocaudal patterning. The differences in DV pattern likely
depend on the particular clusters rather than on the paralogue
groups.
We should take into account that at early neural tube stages Hox
expression is uniform throughout the dorsoventral dimension of the
neuroepithelium (Graham et al., 1991; Gaunt and Strachan, 1996).
Therefore, the ulterior DV regionalised pattern is due to differential
downregulation along this axis, following a speciﬁc pattern for each of
the analysed Hox genes. This dynamic DV expression pattern contrasts
with the conservative one along the AP axis, since the different Hox
genes largely keep their respective AP expression boundaries within the
medulla, consistently with their spatial colinearity, as we showed here.
Possible late Hox functions in DV patterning were reported for
Hoxa2 and Hoxb2 within the rostral hindbrain at early stages of
neurogenesis (Davenne et al., 1999). Such a mechanism may operate
as well in other regions, interacting with other DV molecular
determinants (BMPs, FGFs, Wnts, Pax, etc.; Ju et al., 2004; review by
Wilson and Maden, 2005).
Hox genes in the internal regionalisation of medullary nuclei or columns
Additionally, caudal Hox genes label different subdivisions within
given nuclei, such as the dorsal motor nucleus of the vagus, the
inferior olive or the solitary and trigeminal columns. In some of these
structures the expression pattern is rather complex and does not seem
strictly related to the rostrocaudal axis. So, Hox genes might be
working within these complex structures in their internal structural
and functional regionalisation, independently of the global axial (AP)
regionalisation of the hindbrain.
The vagal dorsal motor nucleus contains a combination of diversely
sized visceromotor neurons. Ju et al. (2004) concluded that bran-
chiomotor and visceromotor neurons migrate into the alar plate
before stabilizing into their mature respective conﬁguration and
positions. It was not determined how far such migrated basal neurons
intermix with local alar plate neurons. The complex regionalised Hox
expression pattern may be caused by a different DV origin of mixed
cell populations, taking into account the aforementioned differences
in DV regulation for Hox genes.
Concerning the trigeminal column, we found that the spinal
portion can downregulate some Hox genes (Hoxd4, Hoxc5) while the
more rostral pars interpolaris remains positive, leading to their
molecular differentiation. In this case we have a correlation of the Hox
gene expression map with clear cytoarchitectonic differences, since
the spinal portion is organised into layers as the dorsal horn of the
spinal cord, while pars interpolaris neurons are organised into a
columnar core and shell pattern.
In the inferior olive we found internal regionalisation that is not
related to Hox spatial colinearity. For example, in some sagittal
sections the dorsal inferior olive appears subdivided into threerostrocaudal portions, with the intermediate part negative for Hox
expression (Fig. 5A). This pattern is shown by Hoxb3 and the Hox4
genes with different intensities of expression. Additionally, Hox5
genes are also selectively distributed in these nuclei, labelling just
their caudal portions. Interestingly, this tripartite pattern is shared by
the expression of calretinin (De Castro et al., 1998) and AP2
(unpublished data). AP2 is an activator of Hoxa2 expression in the
neural crest, although its possible effect on other Hox genes is not
known (review by Nolte and Krumlauf, 2005).
In these cases Hox gene expression seems regulated by mechan-
isms different from that which establishes stepped Hox expression
along the rostrocaudal axis, as commented before concerning the DV
patterning. Model systems where Hox genes are involved can provide
information in the future about possible regulative mechanisms
incident upon hindbrain nuclei. For example, in hematopoiesis Hox
expression is regulated byWnt and Bmp (Lengerke et al., 2008), which
are also involved in the DV patterning of the brain.
The medulla oblongata as a tagma
Classical anatomical studies subdivided the vertebrate rhomben-
cephalon into pons andmedulla oblongata. This subdivisionwas based
on the gross morphological aspect of the adult human brain; the pons
is visible as a bulge caused by the growth of the pontine nuclei and
their cerebellopetal ﬁber system, and the medulla remains as the
transition zone into spinal cord (Nieuwenhuys et al., 2007, and
references therein). Relative to neuronal populations, the limit
betweenpons andmedullawas considered to lay around the abducens
motor nucleus, and rostral to hypoglossal, vagal, solitary formations.
Findings commented in the Introduction suggest that there is a
common cellular and molecular basis for the delimitation of overt
rhombomeres in the rostral half of the hindbrain, from r2 to r6 (r1 can
be considered as part of the region under the inﬂuence of the isthmic
organiser). On the other hand, the caudal hindbrain (r7–r11) displays
molecular segmentation in the absence of overt rhombomeric
delimitation, as we have shown here. These fundamental differences
of the rostral and caudal hindbrain parts can be taken as grounds for
conceiving a rhombomeric tagma (r2–r6) and a pseudorhombomeric
tagma (r7–r11). Such concepts may serve as well for a modernised,
topological deﬁnition of the limit between pons (or metencephalon)
and medulla (or myelencephalon) at the r6/r7 boundary.
The medulla oblongata appears therefore as a tagma, that is, a
group of segmental units (pseudorhombomeres, in this case) sharing
some morphological and molecular characteristics, and in some
aspects different from the segmental units present in adjoining
brain regions, pons and spinal cord.
We summarise in Fig. 9 the structural features of this brain region
in relation to pseudorhombomeres and the expression domain of Hox
genes. Following the antero-posterior (3′–5′) colinear order of Hox
genes, we extended our analysis from Hox3 to Hox7 paralogues.
Concerning the next colinear Hox group, recent mapping of Hoxb8 in
the mouse (Holstege et al., 2008) suggests that this marker may
extend rostrally up to the medullo-spinal boundary (r11/my1).
Acknowledgments
We thank M.C. Fernández, M.C. Morga, I. Piqueras and C.R.
Mendoza for technical assistance. cDNA clones were sequenced by
the Molecular Biology Lab of the SAI (Servicio de Apoyo a la
Investigación) at the University of Murcia. This work was supported
by the Fundación Séneca de Murcia with grants 03103-PI-05 to F.M.
and 04548-GERM-06 to L.P., as well as by the Spanish Ministry of
Education and Science with grants BFU2006-15330-C02-01/BFI to P.A.
and BFU2005-09378-C02-01/BFI to L.P. The CIBERER is an initiative of
the Instituto de Salud Carlos III (ISCIII), of the Spanish Ministry of
Science and Technology. We also thank ARK-Genomics, Geneservice
246 F. Marín et al. / Developmental Biology 323 (2008) 230–247Ltd., the UKChicken EST Consortium and the University of Nottingham
for providing cDNA clones. The 3A10 antibody developed by T.M.
Jessell and J. Dodd was obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and
maintained by The University of Iowa, Department of Biology.
References
Amat, J. A., 1986. Compartimentacion y dinamica neurohistogenetica del tubo neural del
embrion de pollo. University of Murcia, Murcia, Spain.
Bel-Vialar, S., Itasaki, N., Krumlauf, R., 2002. Initiating Hox gene expression: in the early
chick neural tube differential sensitivity to FGF and RA signaling subdivides the
HoxB genes in two distinct groups. Development 129, 5103–5115.
Boardman, P.E., Sanz-Ezquerro, J., Overton, I.M., Burt, D.W., Bosch, E., Fong, W.T., Tickle,
C., Brown, W.R., Wilson, S.A., Hubbard, S.J., 2002. A comprehensive collection of
chicken cDNAs. Curr. Biol. 12, 1965–1969.
Cambronero, F., Puelles, L., 2000. Rostrocaudal nuclear relationships in the avian
medulla oblongata: a fate map with quail chick chimeras. J. Comp. Neurol. 427,
522–545.
Clarke, J.D., Lumsden, A., 1993. Segmental repetition of neuronal phenotype sets in the
chick embryo hindbrain. Development 118, 151–162.
Dasen, J.S., Liu, J.P., Jessell, T.M., 2003. Motor neuron columnar fate imposed by
sequential phases of Hox-c activity. Nature 425, 926–933.
Davenne, M., Maconochie, M.K., Neun, R., Pattyn, A., Chambon, P., Krumlauf, R., Rijli, F.
M., 1999. Hoxa2 and Hoxb2 control dorsoventral patterns of neuronal development
in the rostral hindbrain. Neuron 22, 677–691.
De Castro, F., Cobos, I., Puelles, L., Martinez, S., 1998. Calretinin in pretecto- and
olivocerebellar projections in the chick: immunohistochemical and experimental
study. J. Comp. Neurol. 397, 149–162.
Deschamps, J., de Laaf, R., Verrijzer, P., de Gouw, M., Destree, O., Meijlink, F., 1987.
The mouse Hox2.3 homeobox-containing gene: regulation in differentiating
pluripotent stem cells and expression pattern in embryos. Differentiation 35,
21–30.
Deschamps, J., van Nes, J., 2005. Developmental regulation of the Hox genes during axial
morphogenesis in the mouse. Development 132, 2931–2942.
Diaz, C., Puelles, L., Marin, F., Glover, J.C., 1998. The relationship between rhombomeres
and vestibular neuron populations as assessed in quail–chicken chimeras. Dev. Biol.
202, 14–28.
Diaz, C., Puelles, L., 2003. Plurisegmental vestibulocerebellar projections and other
hindbrain cerebellar afferents in midterm chick embryos: biotinylated dextrana-
mine experiments in vitro. Neuroscience 117, 71–82.
Dubbeldam, J.L., Brus, E.R., Menken, S.B., Zeilstra, S., 1979. The central projections of the
glossopharyngeal and vagus ganglia in the mallard, Anas platyrhynchos L. J. Comp.
Neurol. 183, 149–168.
Fraser, S., Keynes, R., Lumsden, A., 1990. Segmentation in the chick embryo hindbrain is
deﬁned by cell lineage restrictions. Nature 344, 431–435.
Gaufo, G.O., Thomas, K.R., Capecchi, M.R., 2003. Hox3 genes coordinate mechanisms of
genetic suppression and activation in the generation of branchial and somatic
motoneurons. Development 130, 5191–5201.
Gaufo, G.O., Wu, S., Capecchi, M.R., 2004. Contribution of Hox genes to the diversity of
the hindbrain sensory system. Development 131, 1259–1266.
Gaunt, S.J., 1988. Mouse homeobox gene transcripts occupy different but overlapping
domains in embryonic germ layers and organs: a comparison of Hox-3.1 and
Hox-1.5. Development 103, 135–144.
Gaunt, S.J., Krumlauf, R., Duboule, D., 1989. Mouse homeo-genes within a subfamily,
Hox-1.4, -2.6 and -5.1, display similar anteroposterior domains of expression in the
embryo, but show stage- and tissue-dependent differences in their regulation.
Development 107, 131–141.
Gaunt, S.J., Coletta, P.L., Pravtcheva, D., Sharpe, P.T., 1990. Mouse Hox-3.4: homeobox
sequence and embryonic expression patterns compared with other members of the
Hox gene network. Development 109, 329–339.
Gaunt, S.J., Strachan, L., 1996. Temporal colinearity in expression of anterior Hox genes
in developing chick embryos. Dev. Dyn. 207, 270–280.
Gaunt, S.J., Dean, W., Sang, H., Burton, R.D., 1999. Evidence that Hoxa expression
domains are evolutionarily transposed in spinal ganglia, and are established by
forward spreading in paraxial mesoderm. Mech. Dev. 82, 109–118.
Gaunt, S.J., 2000. Evolutionary shifts of vertebrate structures and Hox expression up and
down the axial series of segments: a consideration of possible mechanisms. Int. J.
Dev. Biol. 44, 109–117.
Geada, A.M., Gaunt, S.J., Azzawi, M., Shimeld, S.M., Pearce, J., Sharpe, P.T., 1992.
Sequence and embryonic expression of the murine Hox-3.5 gene. Development
116, 497–506.
Glover, J.C., 2000. Neuroepithelial ‘compartments’ and the speciﬁcation of vestibular
projections. Prog. Brain Res. 124, 3–21.
Graham, A., Holland, P.W., Lumsden, A., Krumlauf, R., Hogan, B.L., 1988. Expression of the
homeobox genes Hox 2.1 and 2.6 during mouse development. Curr. Top. Microbiol.
Immunol. 137, 87–93.
Graham, A., Maden, M., Krumlauf, R., 1991. The murine Hox-2 genes display dynamic
dorsoventral patterns of expression during central nervous system development.
Development 112, 255–264.
Grapin-Botton, A., Bonnin, M.A., McNaughton, L.A., Krumlauf, R., Le Douarin, N.M., 1995.
Plasticity of transposed rhombomeres: Hox gene induction is correlated with
phenotypic modiﬁcations. Development 121, 2707–2721.
Guidato, S., Prin, F., Guthrie, S., 2003. Somatic motoneurone speciﬁcation in thehindbrain: the inﬂuence of somite-derived signals, retinoic acid and Hoxa3.
Development 130, 296–2981.
Guthrie, S., Butcher, M., Lumsden, A., 1991. Patterns of cell division and interkinetic
nuclear migration in the chick embryo hindbrain. J. Neurobiol. 22, 742–754.
Hamburger, V., Hamilton, H.L., 1951. A series of normal stages in the development of the
chick embryo. J. Morphol. 88, 49–92.
Heyman, I., Kent, A., Lumsden, A., 1993. Cellular morphology and extracellular space
at rhombomere boundaries in the chick embryo hindbrain. Dev. Dyn. 198,
241–253.
Heyman, I., Faissner, A., Lumsden, A., 1995. Cell and matrix specialisations of
rhombomere boundaries. Dev. Dyn. 204, 301–315.
His, W., 1893. Vorschläge zur Einteilung des Gehirns. Arch. Anat. Physiol. Anat. Abt. 3/4,
173–179.
Holstege, J.C., de Graaff, W., Hossaini, M., Cano, S.C., Jaarsma, D., Akker, E.V., Deschamps,
J., 2008. Loss of Hoxb8 alters spinal dorsal laminae and sensory responses in mice.
Proc. Natl. Acad. Sci. U. S. A.
Iimura, T., Pourquie, O., 2007. Hox genes in time and space during vertebrate body
formation. Dev. Growth. Differ 49, 265–275.
Itasaki, N., Sharpe, J., Morrison, A., Krumlauf, R., 1996. Reprogramming Hox expression
in the vertebrate hindbrain: inﬂuence of paraxial mesoderm and rhombomere
transposition. Neuron 16, 487–500.
Ju, M.J., Aroca, P., Luo, J., Puelles, L., Redies, C., 2004. Molecular proﬁling indicates
avian branchiomotor nuclei invade the hindbrain alar plate. Neuroscience 128,
785–796.
Katz, D.M., Karten, H.J., 1983a. Subnuclear organization of the dorsal motor nucleus of
the vagus nerve in the pigeon, Columbia livia. J. Comp. Neurol. 217, 31–46.
Katz, D.M., Karten, H.J., 1983b. Visceral representation within the nucleus of the tractus
solitarius in the pigeon, Columba livia. J. Comp. Neurol. 218, 42–73.
Katz, D.M., Karten, H.J., 1985. Topographic representation of visceral target organs
within the dorsal motor nucleus of the vagus nerve of the pigeon Columba livia.
J. Comp. Neurol. 242, 397–414.
Kmita, M., Duboule, D., 2003. Organizing axes in time and space; 25 years of colinear
tinkering. Science 301, 331–333.
Krumlauf, R., Holland, P.W., McVey, J.H., Hogan, B.L., 1987. Developmental and spatial
patterns of expression of the mouse homeobox gene, Hox 2.1. Development 99,
603–617.
Krumlauf, R., 1994. Hox genes in vertebrate development. Cell 78, 191–201.
Lengerke, C., Schmitt, S., Bowman, T.V., Jang, I.H., Maouche-Chretien, L., McKinney-
Freeman, S., Davidson, A.J., Hammerschmidt, M., Rentzsch, F., Green, J.B., Zon, L.I.,
Daley, G.Q., 2008. BMP and Wnt specify hematopoietic fate by activation of the
Cdx-Hox pathway. Cell Stem Cell 2, 72–82.
Lumsden, A., 1990. The cellular basis of segmentation in the developing hindbrain.
Trends. Neurosci. 13, 329–335.
Lumsden, A., Keynes, R., 1989. Segmental patterns of neuronal development in the chick
hindbrain. Nature 337, 424–428.
Mahon, K.A., Westphal, H., Gruss, P., 1988. Expression of homeobox gene Hox 1.1 during
mouse embryogenesis. Development 104 (Suppl), 187–195.
Manzanares, M., Bel-Vialar, S., Ariza-McNaughton, L., Ferretti, E., Marshall, H.,
Maconochie, M.M., Blasi, F., Krumlauf, R., 2001. Independent regulation of initiation
and maintenance phases of Hoxa3 expression in the vertebrate hindbrain involve
auto- and cross-regulatory mechanisms. Development 128, 3595–3607.
Marin, F., Puelles, L., 1995. Morphological fate of rhombomeres in quail/chick chimeras:
a segmental analysis of hindbrain nuclei. Eur. J. Neurosci. 7, 1714–1738.
Marino-Neto, J., Armengol, J.A., 2000. Phenylethanolamine N-methyltransferase-
immunoreactive neurons in the medulla oblongata of the pigeon (Columba livia)
projecting to the hypothalamic paraventricular nucleus. Brain Behav. Evol. 56,
184–195.
Martinez, S., Geijo, E., Sanchez-Vives, M.V., Puelles, L., Gallego, R., 1992. Reduced
junctional permeability at interrhombomeric boundaries. Development 116,
1069–1076.
Martinez, S., 2001. The isthmic organizer and brain regionalization. Int. J. Dev. Biol. 45,
367–371.
Nieto, M.A., Patel, K., Wilkinson, D.G., 1996. In situ hybridization analysis of chick
embryos in whole mount and tissue sections. Methods Cell Biol. 51, 219–235.
Nieuwenhuys, R., Voogd, J., van Huijzen, C., 2007. The Human Central Nervous
System4th ed. Springer, Berlin.
Nolte, C., Krumlauf, R., 2005. Expression of Hox genes in the nervous system of
vertebrates. In: Papageorgiou, S. (Ed.), HOX Gene Expression. Landes Bioscience and
Springer Science+Business Media.
Oury, F., Murakami, Y., Renaud, J.S., Pasqualetti, M., Charnay, P., Ren, S.Y., Rijli, F.M., 2006.
Hoxa2- and rhombomere-dependent development of the mouse facial somato-
sensory map. Science 313, 1408–1413.
Puelles, L., Marin, F., Martinez-de-la-Torre, M., Martinez, S., 1996. The midbrain–
hindbrain junction: a model system for brain regionalization through morphoge-
netic neuroepithelial interactions. In: Lonai, P. (Ed.), Mammalian Development.
Gordon & Breach/Harwood Academic Publishers, Amsterdam.
Puelles, L., Martinez-de-la-Torre, M., Paxinos, G., Watson, C., Martinez, S., 2007. The
Chick Brain in Stereotaxic Coordinates. Elsevier, Amsterdam.
Rex, M., Scotting, P.J., 1994. Chick HoxB3: deduced amino-acid sequence and embryonic
gene expression. Gene 149, 381–382.
Schughart, K., Utset, M.F., Awgulewitsch, A., Ruddle, F.H., 1988. Structure and expression
of Hox-2.2, a murine homeobox-containing gene. Proc. Natl. Acad. Sci. U. S. A. 85,
5582–5586.
Seraﬁni, T., Colamarino, S.A., Leonardo, E.D., Wang, H., Beddington, R., Skarnes, W.C.,
Tessier-Lavigne, M.,1996. Netrin-1 is required for commissural axon guidance in the
developing vertebrate nervous system. Cell 87, 1001–1014.
247F. Marín et al. / Developmental Biology 323 (2008) 230–247Shah, V., Drill, E., Lance-Jones, C., 2004. Ectopic expression of Hoxd10 in thoracic spinal
segments induces motoneurons with a lumbosacral molecular proﬁle and axon
projections to the limb. Dev. Dyn. 231, 43–56.
Sharpe, P.T., Miller, J.R., Evans, E.P., Burtenshaw, M.D., Gaunt, S.J., 1988. Isolation and
expression of a new mouse homeobox gene. Development 102, 397–407.
Simon, H., Hornbruch, A., Lumsden, A., 1995. Independent assignment of antero-
posterior and dorso-ventral positional values in the developing chick hindbrain.
Curr. Biol. 5, 205–214.
Sotelo, C., 2004. Cellular and genetic regulation of the development of the cerebellar
system. Prog. Neurobiol. 72, 295–339.
Tan, K., Le Douarin, N.M., 1991. Development of the nuclei and cell migration in the
medulla oblongata. Application of the quail–chick chimera system. Anat. Embryol.
183, 321–343.
Tanaka, O., Otani, H., Fujimoto, K., 1987. Fourth ventricular ﬂoor in human embryos:
scanning electron microscopic observations. Am. J. Anat. 178, 193–203.Toth, L.E., Slawin, K.L., Pintar, J.E., Nguyen-Huu, M.C., 1987. Region-speciﬁc expression of
mouse homeobox genes in the embryonic mesoderm and central nervous system.
Proc. Natl. Acad. Sci. U. S. A. 84, 6790–6794.
Vaage, S., 1969. The segmentation of the primitive neural tube in chick embryos (Gallus
domesticus). A morphological, histochemical and autoradiographical investigation.
Ergeb. Anat. Entwicklungsgesch. 41, 3–87.
Wedden, S.E., Pang, K., Eichele, G., 1989. Expression pattern of homeobox-containing
genes during chick embryogenesis. Development 105, 639–650.
Wild, J.M., 1981. Identiﬁcation and localization of the motor nuclei and sensory
projections of the glossopharyngeal, vagus, and hypoglossal nerves of the cockatoo
(Cacatua roseicapilla), Cacatuidae. J. Comp. Neurol. 203, 351–377.
Wilson, L., Maden, M., 2005. The mechanisms of dorsoventral patterning in the
vertebrate neural tube. Dev. Biol. 282, 1–13.
Wurst, W., Bally-Cuif, L., 2001. Neural plate patterning: upstream and downstream of
the isthmic organizer. Nat. Rev. Neurosci. 2, 99–108.
